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relaxant capacity of PDE5
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BACKGROUND AND PURPOSE
We have evaluated the influence of calcium-activated potassium channels (KCa) activation on cGMP-mediated relaxation in
human penile tissues from non-diabetic and diabetic patients, and on the effects of PDE5 inhibitors on erectile responses in
control and diabetic rats.

EXPERIMENTAL APPROACH
Cavernosal tissues were collected from organ donors and from patients with erectile dysfunction (ED). Relaxations of corpus
cavernosum strips (HCC) and penile resistance arteries (HPRA) obtained from these specimens were evaluated. Intracavernosal
pressure (ICP) increases to cavernosal nerve electrical stimulation were determined in anaesthetized diabetic and non-diabetic
rats.

KEY RESULTS
Concentration-dependent vasodilation to the PDE5 inhibitor, sildenafil, in HPRA was sensitive to endothelium removal,
NO/cGMP pathway inhibition and KCa blockade. Accordingly, activation of KCa with NS-8 (10 mM) significantly potentiated
sildenafil-induced relaxations in HPRA (EC50 0.49 � 0.22 vs. 5.21 � 0.63 mM). In HCC, sildenafil-induced relaxation was
unaffected by KCa blockade or activation. Potentiating effects in HPRA were reproduced with an alternative PDE5 inhibitor
(tadalafil) and KCa activator (NS1619) and prevented by removing the endothelium. Large-conductance KCa (BK) and
intermediate-conductance KCa (IK) contribute to NS-8-induced effects and were immunodetected in human and rat penile
arteries. NS-8 potentiated sildenafil-induced enhancement of erectile responses in rats. Activation of KCa recovered the
impaired relaxation to sildenafil in diabetic HPRA while sildenafil completely reversed diabetes-induced ED in rats only when
combined with KCa activation.
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CONCLUSIONS AND IMPLICATIONS
Activation of KCa improves vasodilatory capacity of PDE5 inhibitors in diabetic and non-diabetic HPRA, resulting in the
recovery of erectile function in diabetic rats. These results suggest a therapeutic potential for KCa activation in diabetic ED.

Abbreviations
APA, apamin; BK, large-conductance KCa; ChTx, charybdotoxin; DMSO, dimethylsulfoxide; ED, erectile dysfunction;
HCC, human corpus cavernosum; HPRA, human penile resistance arteries; HPbCD, hydroxy-propyl-b-cyclodextrin;
IbTx, iberiotoxin; ICP, intracavernosal pressure; IK, intermediate-conductance KCa; KATP, ATP-sensitive K+ channels; KPSS,
equimolar substitution of NaCl for KCl in physiological salt solution; SK, small-conductance KCa

Introduction

Vasodilation of penile arteries and relaxation of trabecular
smooth muscle are required to achieve and maintain penile
erection. NO is a key mediator of penile smooth muscle
relaxation. Released from endothelia and nitrergic nerves,
NO stimulates soluble guanylyl cyclase in smooth muscle,
promoting cGMP generation. In turn, cGMP activates cGMP-
dependent protein kinase (cGK) which induces smooth
muscle relaxation acting on different intracellular mediators
(Gratzke et al., 2010). In addition, cGMP can directly act on
specific ion channels in the cell membrane also facilitating
relaxation of smooth muscle (Morgado et al., 2012). PDE5 is
the main cGMP-hydrolysing enzyme in human penile tissue.
Inhibitors of PDE5 are the first-line therapy for the treatment
of erectile dysfunction (ED). Despite the fact that these drugs
display a high efficacy to overcome ED in general population
(Goldstein et al., 1998; Padma-Nathan et al., 2001; Porst et al.,
2001), some specific groups of patients, such as diabetic men,
are not responsive to this treatment in a significant percent-
age (Rendell et al., 1999; Sáenz de Tejada et al., 2002;
Goldstein et al., 2003). Thus, alternative pharmacological
strategies for improving the efficacy of available treatments
for diabetic ED would be required.

Hyperpolarization of smooth muscle cell also elicits
relaxation by closing calcium channels and blocking calcium
entry. Opening of potassium channels is a way to cause
hyperpolarization of smooth muscle. There are a large
number of different potassium channels that are grouped
into several families with distinct characteristics. These
include inwardly rectifying (KIR), voltage-dependent (Kv),
ATP-sensitive (KATP) and Ca2+-activated potassium channels
(KCa). This latter family comprises three subtypes with dif-
ferent conductance capacity: large-conductance KCa (BK;
MaxiK), small-conductance KCa (SK) and intermediate-
conductance KCa (IK). KATP and KCa have been demonstrated at
the functional level in human corpus cavernosum (HCC)
smooth muscle cells (Christ et al., 1993). Openers of KATP

have been shown to be potent relaxant agents in vascular
and trabecular penile tissues (Venkateswarlu et al., 2002;
Ruiz-Rubio et al., 2004) but activation of KATP is known to
cause hypotension as well (Mannhold, 2004). Activators of
KCa also have the capacity to relax human and animal penile
smooth muscles (Spektor et al., 2002; Hewawasam et al.,
2004). In addition, this type of channels has a key role in
endothelium-derived hyperpolarizing factor-mediated relaxa-
tion of human penile arteries (Angulo et al., 2003). Further-
more, the delivery of the gene for human BK (hSlo) into the

penis has been shown to increase erectile responses in aged
rats (Melman et al., 2003) and to recover erectile function in
diabetic rats (Christ et al., 2004). The relevance of these chan-
nels in the physiology of erectile function is highlighted by
the fact that mice lacking BK have ED (Werner et al., 2005).

The aims of the present study were to analyse the effects
of KCa activation on relaxation induced by PDE5 inhibition in
human penile arterial and trabecular tissues from non-
diabetic and diabetic patients, as well as to evaluate the influ-
ence of KCa stimulation on the efficacy of PDE5 inhibition to
potentiate in vivo erectile responses in non-diabetic and dia-
betic rats.

Methods

Human penile tissues
Human penile tissue biopsies were obtained from 54 patients
in Hospitals from Spain and Portugal. Tissues were obtained
from men with ED who gave informed consent at the time of
penile prosthesis insertion. Patients with infectious diseases or
undergoing prosthesis re-implantation were excluded. Mean
age was 56.7 � 1.2 years (range from 38 to 76 years). Two or
more cardiovascular risk factors (CVRFs) were present in
32.6% of the patients while 48.8% had one CVRF and 18.6%
did not present any CVRF (ED of neurogenic aetiology). Nine-
teen patients had type 2 diabetes (35.2%). Hypertension was
present in 29 patients (53.7%), hyperlipidaemia in 19 patients
(35.2%) and 18 patients were smokers (33.3%). For the control
of glycaemia, 11 diabetic patients were treated with insulin
while 4 used hypoglycemiants and 2 were controlled by diet.
Medication for the treatment of hypertension included angi-
otensin II type 1 receptor antagonists, ACE inhibitors, calcium
antagonists, beta-blockers and diuretics. Almost half of hyper-
lipidaemic patients did not take any hypolipidemiant drug
while the remaining patients were treated with statins. The
study was approved by the local ethics committees of the
hospitals where the tissues were collected (NC-009–2010).
Tissues were maintained at 4–6°C in M-400 solution (com-
position per 100 mL: mannitol, 4.19 g; KH2PO4, 0.205 g;
K2HPO4·3H2O, 0.97 g; KCl, 0.112 g; NaHCO3, 0.084 g) until
used within 24 h from extraction (Angulo et al., 2002).

Vascular reactivity of human penile
resistance arteries
Penile small arteries, helicine arteries (lumen diameter 150–
400 mm), which are the terminal branches of deep penile
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arteries, were dissected from human penile tissue specimens
by carefully removing the adhering trabecular tissue, and
arterial ring segments (2 mm long) were subsequently
mounted on two 40 mm wires on microvascular Halpern-
Mulvany myographs (J.P. Trading, Aarhus, Denmark) for iso-
metric tension recordings. The vessels were allowed to
equilibrate for 30 min in physiological salt solution of the
following composition (mM): NaCl 119, KCl 4.6, CaCl2 1.5,
MgCl2 1.2, NaHCO3 24.9, glucose 11, KH2PO4 1.2, EDTA 0.027
at 37°C continuously bubbled with 95% O2/5% CO2 mixture
to maintain a pH of 7.4. Passive tension and internal circum-
ference of vascular segments when relaxed in situ under a
transmural pressure of 100 mmHg (L100), were determined.
The arteries were then set to an internal circumference
equivalent to 90% of L100, at which the force development
was close to maximal (Mulvany and Halpern, 1977). The
preparations were then exposed to 120 mM K+ (KPSS, equi-
molar substitution of NaCl for KCl in physiological salt
solution) and the contractile response was measured. The
arteries were contracted with 1 mM norepinephrine (80% of
KPSS induced contraction, approximately) and relaxation
responses were evaluated by cumulative additions of com-
pounds to the chambers. Experiments were run in parallel.
Concentration-response curves to the agents in arterial seg-
ments from the same patient receiving only vehicle (0.001%
DMSO) were considered as controls for the evaluation of the
effects of the different treatments.

Where stated, the endothelia from arterial segments were
mechanically removed by repeatedly introducing a human
hair by the lumen of the artery. The absence of a functional
endothelium was confirmed by the lack of relaxant response
to 10 mM ACh.

Experiments with human corpus
cavernosum tissue
Strips of corpus cavernosum tissue (3 ¥ 3 ¥ 7 mm) obtained
from human penile tissue specimens were immersed in 8 mL
organ chambers containing physiological salt solution, main-
tained at 37°C and aerated with 5% CO2/95% O2, pH 7.4.
Each tissue strip was incrementally stretched to optimal iso-
metric tension, as determined by maximal contractile
response to 1 mM phenylephrine. The preparations were then
exposed to KPSS and the contractile response was measured.
After an equilibration period, tissues were contracted with
0.5–3 mM phenylephrine (80% of KPSS induced contraction)
and relaxation responses were evaluated by cumulative addi-
tions of compounds to the chambers. Experiments were done
in parallel as described for human penile arteries.

Experimental animals
Studies were performed in accordance with the Declaration of
Helsinki and with the Guide for the Care and Use of Labora-
tory Animals as adopted and promulgated by National Insti-
tutes of Health and were approved by the local Ethics
Committee for Animal Welfare of the Hospital Universitario
Ramón y Cajal (Exp. 11/2010). All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total number of 60 male
Sprague-Dawley rats under 12 h light/dark cycles with free

access to food and water were used. Insulin-dependent dia-
betes was induced in 12-week-old male rats by a single admin-
istration of streptozotocin (60 mg·kg-1; i.p.) dissolved in citric
acid-trisodium citrate (0.1 M) buffer, pH 4.5. After one week,
tail blood samples were obtained and glucose concentration
was measured using an Accutrend glucometer (Boehringer
Mannheim, Germany). Diabetes induction was considered
successful when glycaemia was higher than 11 mM. Control
non-diabetic animals were injected with citrate buffer solu-
tion and kept under identical conditions as diabetic animals.
The experiments were performed 8 weeks after diabetes
induction. In vivo alterations of vascular and erectile function
have been observed after this period of diabetes (Angulo et al.,
1998; 2005). After evaluation of erectile responses rats were
killed by an anaesthetic overdose.

Erectile responses to cavernosal nerve
stimulation in anaesthetized rats
Rats were anaesthetized with ketamine (60 mg·kg-1) and
diazepam (4 mg·kg-1). The surgical procedure consisted of
dissection and isolation of the right cavernous nerve through
an abdominal midline incision and exposure of penile crura
through a transverse perineal incision. Intracavernosal pres-
sure (ICP) measurements were accomplished by insertion
into the right crus of a 25-gauge needle connected to a dis-
posable pressure transducer (Abbott, Sligo, Ireland) and a data
acquisition system (ADInstruments, Castle Hill, Australia).
Left carotid artery and right external jugular vein were cath-
eterized for constant BP measurement and saline or drug
infusion respectively. Electrical stimulation was applied by a
delicate platinum bipolar hook electrode connected to a
stimulator and current amplifier (Cibertec CS-9, Madrid,
Spain). Parameters of electrical stimulation consisted of
pulses with a duration of 1 ms and 1.5 mA of current inten-
sity for 1 min. Frequency-response curves were performed by
applying stimulation at 1, 3 and 10 Hz at 3 min intervals.

For evaluation of the acute effects of the treatments on
erectile responses, a control frequency-response curve was
performed and, after a stabilization period, sildenafil
(0.1 mg·kg-1 or 0.3 mg·kg-1) or the vehicle [15% hydroxy-
propyl-b-cyclodextrin (HPbCD)] were intravenously admin-
istered. Thirty minutes later, NS-8 (0.3 mg·kg-1), NS1619
(0.3 mg·kg-1) or the vehicle (5% DMSO + 15% HPbCD)
was intravenously administered, and the erectile responses
were evaluated 15 min afterwards. Injection volume was
0.2 mL.

Immunostaining
Human and rat corpus cavernosum specimens were fixed in
4% paraformaldehyde and included in paraffin blocks. Depar-
affinized tissue sections were incubated in blocking buffer
(0.1 M PBS containing 5% normal goat serum, 0.1% Triton
X-100) for 60 min, and thereafter incubated overnight with
rabbit polyclonal antibodies against human and rat pore
forming a-subunit of KCa: anti-BK (peptide (C)STANRPNRPK-
SRESRDK, corresponding to amino acid residues 1184–
1200 in intracellular, C-terminal part), anti-IK (M20,
N-terminal peptide GGDLVLGLGALRRRKC), anti-SK1 (L155,
C-terminal peptide CSSPYRWTPVAPSDYG for human SK1
and rb200, peptide CSPQSHWLPTTASDYG for rat SK1),
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anti-SK2 (M1, N-terminal peptide CRRSSSTAPPTSSESS) and
anti-SK3 (M75, C-terminal peptide DTSGHFHDSGVGDLDC).
Anti-BK and anti-IK antibodies were used at 1:50 dilution
while anti-SK antibodies were used at 1:20 dilution. Anti-BK
antibody was obtained from Alomone Labs (Jerusalem,
Israel). The other antibodies were described previously (Chen
et al., 2004). The endogenous peroxidase was inactivated with
hydrogen peroxide (0.03% in methanol). For immunodetec-
tion, tissues were incubated with biotin-goat anti-rabbit IgG
(Zymed, San Francisco, CA, USA), 3-3-diaminobenzidine
tetrahydrochloride (Dako, Glostrup, Denmark) was used as
chromagen. Controls without primary antibodies demon-
strated lack of unspecific reactivity (data not shown).

Drugs and materials
Phenylephrine, norepinephrine (arterenol), ACh, NG-nitro-L-
arginine (L-NNA), 8-bromo cyclic guanosin monophosphate,
charybdotoxin (ChTx), apamin (APA), 1,3-dihydro-1-[2-
hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-
benzimidazol-2-one (NS1619), streptozotocin and HPbCD
were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). 1H-[1,2,4]oxadiazolo[4,3-a] quinoxalin-1-one (ODQ)
was obtained from Cayman Chemical Co. (Ann Arbor, MI,
USA). Iberiotoxin (IbTx) was obtained from Alomone Labs.
5[(2-chlorophenyl)(diphenyl)methyl]-1H-pyrazole (TRAM-
34) was provided by GlaxoSmithKline (Stevenage, UK). 2-
amino-5-(2-fluorophenyl)-4-methyl-1H-pyrrole-3-carbonitrile
(NS-8) was provided by Dr. Esteve Laboratories (Barcelona,
Spain). Sildenafil was a gift from Nitromed (Bedford, MA,
USA) while tadalafil was provided by ICOS Corporation
(Seattle, WA, USA). For in vitro experiments, all drugs were
dissolved in deionized water, except for NS-8, NS1619 (Malysz
et al., 2004), sildenafil (Angulo et al., 2010a) and tadalafil
(Angulo et al., 2012), which were dissolved at 10 mM con-
centration in dimethylsulfoxide (DMSO). The subsequent
dilutions were made in deionized water. Final DMSO concen-
trations were 0.1% or lower.

Data analysis
Relaxation responses are expressed as the percentage of total
relaxation (loss in tone) induced by the addition of 0.1 mM
papaverine to the chambers at the end of the experiment. EC50

is defined as the concentration of sildenafil required to obtain
50% of maximal relaxation. It was graphically calculated for
each individual curve. All data are expressed as mean �

standard error. Erectile responses were determined by measur-
ing the AUC of the ICP increases (Total DICP) to rat cavernosal
nerve stimulation normalized by mean arterial pressure values
at the time of each stimulation. Complete concentration-
response or frequency-response curves were obtained and
compared by a two-factor ANOVA statistical test using StatView
software for Apple computers (SAS, Cary, NC, USA).

Results

Activation of KCa causes relaxation of human
penile resistance arteries and human
corpus cavernosum
Cumulative addition of KCa activators NS-8 and NS1619
(1 nM to 10 mM) resulted in moderate vasodilation of human

penile resistance arteries (HPRA) contracted with norepine-
phrine. Vasodilatory capacity of KCa activators was signifi-
cantly reduced when endothelium was mechanically
removed in HPRA preparations (Figure 1A and B). Moderate
relaxation was also induced in HCC strips contracted with
phenylephrine by exposure to NS-8 and NS1619 (1 nM to
30 mM; Figure 1C and B). This relaxation was similar in mag-
nitude to that observed in HPRA.

KCa modulation influences relaxant capacity
of PDE5 inhibitors in human penile
resistance arteries but not in human
corpus cavernosum
The PDE5 inhibitor, sildenafil, caused concentration-
dependent relaxation of HPRA contracted with norepine-
phrine. Sildenafil-induced vasodilations were inhibited by
treating the arterial segments with the NO synthase inhibitor,
NG-nitro-L-arginine (L-NNA; 100 mM) or by adding an inhibi-
tor of soluble guanylyl cyclase, ODQ (20 mM; Figure 2A), as
well as by blocking calcium-activated potassium channels
(KCa) with a combination of ChTx (100 nM) and APA
(100 nM; Figure 2B). Conversely, activation of KCa with NS-8
(10 mM) resulted in potentiation of the vasodilations caused
by the PDE5 inhibitor (Figure 2C). A similar potentiation of

Figure 1
Vasodilation of norepinephrine-contracted HPRA (A and B) and
relaxation of phenylephrine-contracted HCC (B and C) by addition of
the Ca2+-activated K+-channels (KCa) activators, NS-8 (A and C) and
NS1619 (B and D). The effects of endothelium removal (-E) on
vasodilations caused by NS-8 and NS1619 in HPRA are also shown in
panels A and B respectively. Data are expressed as mean � SEM of
the percentage of total relaxation induced by 0.1 mM papaverine. n
indicates the number of patients from whom the tissues were col-
lected for the experiments. All data sets included two diabetic
patients. *** indicates P < 0.001 versus control, †P < 0.05 versus
L-NNA by a two-factor ANOVA test.

BJP R González-Corrochano et al.

452 British Journal of Pharmacology (2013) 169 449–461



sildenafil-induced relaxations was achieved by treating HPRA
with a different KCa activator, NS1619 (10 mM; Figure 2D).
These effects were not related to alterations of the contractile
capacity of norepinephrine since the treatment with NS-8 or
NS1619 did not significantly influence contraction induced
by norepinephrine in HPRA (11.4 � 1.7 mN vs. 11.8 �

1.4 mN for vehicle and NS-8, respectively, n = 28; and 15.1 �

4.5 vs. 14.0 � 5.2 mN for vehicle and NS1619 respectively,
n = 7). Furthermore, the potentiating effects of NS-8 (10 mM)
were maintained when the PDE5 inhibitor used was tadalafil
instead of sildenafil (Figure 2E). The stable analogue of cGMP,
8-bromo-cGMP (8-Br-cGMP) also dilated HPRA, and these
responses were again potentiated by the treatment with NS-8
(10 mM; Figure 2F).

Sildenafil also relaxed HCC strips contracted with phe-
nylephrine. This relaxation was significantly inhibited by
L-NNA (100 mM) and ODQ (20 mM; Figure 3A), but in con-
trast to that observed in HPRA, it was unaffected by the
blockade of KCa with ChTx (100 nM) plus APA (100 nM;
Figure 3B). In addition, even used at higher concentrations,
both KCa activators, NS-8 (30 mM) and NS1619 (30 mM), failed
to modify sildenafil-induced relaxations in HCC (Figures 3C
and D).

Involvement of endothelium in NS-8-induced
potentiating effects on cGMP-mediated
vasodilation of HPRA
In HPRA, the mechanical removal of the endothelium caused
a significant inhibition of sildenafil-induced vasodilations
(Figure 4A) but did not affect those exerted by 8-Br-cGMP
(Figure 4B). Endothelial removal also led to the disappearance
of sensitivity of PDE5 inhibitor-induced relaxations to block-
ade of KCa channels with ChTx (100 nM) plus APA (100 nM)
(Figure 4C), and the potentiation effects of not only
sildenafil- (Figure 4D) but also 8-Br-cGMP-induced relaxa-
tions in HPRA to NS-8 (Figure 4E).

Analysis of KCa subtypes involved in
NS-8-induced effects
The potentiating effects of NS-8 on PDE5 inhibitor-induced
relaxations were due to its activity on KCa channels, since
co-administration of ChTx (100 nM) and APA (100 nM) pre-
vented the capacity of NS-8 to potentiate sildenafil-induced
relaxations in HPRA (Figure 5A). With respect to the specific
KCa subtype involved, the blockade of BK channels with IbTx
(100 nM) prevented the potentiating effects of NS-8 on PDE5

Figure 2
Effects of inhibition of NO synthase with NG-nitro-L-arginine (L-NNA; 100 mM) or inhibition of soluble guanylyl cyclase with ODQ (20 mM) (A),
blockade of Ca2+-activated K+-channels (KCa) with ChTx (100 nM) plus APA (100 nM) (B) and activation of KCa with NS-8 (10 mM) (C) or NS1619
(10 mM) (D) on relaxation induced by the PDE5 inhibitor, sildenafil (1 nM to 100 mM), in norepinephrine-contracted HPRA. The effects of
activation of KCa with NS-8 (10 mM) on relaxation induced by the PDE5 inhibitor, tadalafil (1 nM to 100 mM) (E) and by the stable cGMP analogue,
8-bromo-cGMP (8-Br-cGMP; 10 nM to 1 mM) (F) in norepinephrine-contracted HPRA are also shown. Data are expressed as mean � SEM of the
percentage of total relaxation induced by 0.1 mM papaverine. n indicates the number of patients from whom the tissues were collected for the
experiments. Data sets included 1 (A and E), 2 (B, C and F) or 7 (C) diabetic patients. *** indicates P < 0.001 versus control, †P < 0.05 versus L-NNA
by a two-factor ANOVA test.
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inhibitor-induced relaxations in HPRA (Figure 5B). Similarly,
the blockade of IK channels with TRAM-34 (1 mM) resulted in
the disappearance of NS-8-induced effects (Figure 5C). In con-
trast, sildenafil-induced relaxation of HPRA was potentiated
by NS-8 despite the presence of the SK channel inhibitor, APA
(100 nM) (Figure 5D).

Detection of KCa channels in endothelium and
smooth muscle of human and rat penile
arteries and corpus cavernosum
Endothelium of HPRA showed an intense expression of BK,
IK and SK3 subtypes as detected by immunostaining. These
three subtypes were also present in arterial smooth muscle
although the presence of BK was more intense (Figures 6A, B
and E). SK1 and SK2 subtypes were not detected in HPRA
(Figures 6C and 6D). BK was strongly manifested in the
endothelium of rat penile arteries while IK and SK3 were also
detected but showing weaker intensity than BK (Figures 6F, G
and H). Despite its lack of functional influence on PDE5
inhibitor-induced relaxations, BK, IK and SK3 subtypes were
intensely expressed at the protein level in endothelium and
smooth muscle of HCC (Figures 6I, J and K). In rat corpus
cavernosum, BK was present in endothelium and smooth
muscle (Figure 6L) but IK and SK3 were not detected (not
shown).

Effects of sildenafil and KCa openers on
systemic blood pressure in rats
Intravenous administration of sildenafil caused a significant
hypotensive effect in non-diabetic rats [-14.2 � 2.7 and -21.1
� 2.7% of change in mean arterial pressure (MAP) for
0.1 mg·kg-1 and 0.3 mg·kg-1 respectively]. In diabetic rats,
sildenafil (0.3 mg·kg-1) caused a similar BP drop (-19.0 �

3.3%). Basal levels of MAP were recovered 15–25 min after
sildenafil administration. The KCa openers NS-8 and NS1619
did not significantly alter systemic arterial pressure at
0.3 mg·kg-1 dose. In combination studies, NS-8 and NS1619
were administered 30 min after sildenafil administration,
when the MAP levels were recovered after the hypotension
induced by sildenafil. The pre-administration of this PDE5
inhibitor did not modify the effects of KCa openers on sys-
temic BP.

KCa activation enhances the potentiation
of erectile responses in rats induced by
PDE5 inhibition
Electrical stimulation of the cavernosal nerve in anaesthe-
tized rats produced frequency-dependent increases of ICP.
Erectile responses were not modified by i.v. administration of
the vehicle (15% HPbCD) (data not shown). Intravenous
administration of a subtherapeutic dose of sildenafil
(0.1 mg·kg-1) also failed to significantly alter erectile
responses (Figure 7A), and a higher dose of this PDE5 inhibi-
tor (0.3 mg·kg-1) was required to produce a significant
improvement of erectile responses in control (non-diabetic)
rats (Figure 7B). Interestingly, although the KCa activator, NS-8
(0.3 mg·kg-1; i.v.) had no significant effect on erectile
responses when individually administered (Figure 7C), the
combined treatment with NS-8 (0.3 mg·kg-1; i.v.) and the
PDE5 inhibitor, sildenafil, at the previously inactive
0.1 mg·kg-1 dose, resulted in a significant potentiation of
erectile responses in control rats (Figure 7D).

KCa activation reverses the impairment caused
by diabetes on sildenafil-induced vasodilation
of HPRA and augments the efficacy of PDE5
inhibition to recover erectile function in
diabetic rats
A significant impairment of sildenafil-induced vasodilations
was observed in HPRA obtained from diabetic patients. Treat-
ment with the KCa activator, NS-8 (10 mM), produced a signifi-
cant potentiation of sildenafil-induced relaxation of HPRA
from both diabetic and non-diabetic patients (Figure 8).
Furthermore, after treatment with NS-8, sildenafil-induced
relaxations in HPRA from diabetic patients were not different
from those obtained in HPRA from non-diabetic patients
(Figure 8). Thus, NS-8 completely reversed the impairment of
sildenafil-induced vasodilations caused by diabetes in HPRA.

After 8 weeks of diabetes, blood glucose concentrations
were markedly elevated in diabetic rats (30.5 vs. 4.6 mM in
diabetic and non-diabetic rats, respectively, P < 0.001). Dia-
betes caused a significant impairment of erectile responses to
CNES in rats. Intravenous administration of NS-1619 or NS-8
(0.3 mg·kg-1) did not significantly modify these responses in
diabetic rats (data not shown). Erectile responses in diabetic

Figure 3
Effects of inhibition of NO synthase with NG-nitro-L-arginine (L-NNA;
100 mM) or inhibition of soluble guanylyl cyclase with ODQ (20 mM)
(A), blockade of Ca2+-activated K+-channels (KCa) with ChTx (100 nM)
plus APA (100 nM) (B), and activation of KCa with NS-8 (30 mM) (C)
or NS1619 (30 mM) (D) on relaxation induced by the PDE5 inhibitor,
sildenafil (1 nM to 100 mM), in phenylephrine-contracted HCC strips.
Data are expressed as mean � SEM of the percentage of total
relaxation induced by 0.1 mM papaverine. n indicates the number of
patients from whom the tissues were collected for the experiments.
Data sets included 1 (B) or 2 (A, C and D) diabetic patients.
** indicates P < 0.01, *** P < 0.001 versus control by a two-factor
ANOVA test.
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rats were slightly, but significantly, improved by administra-
tion of sildenafil (0.3 mg·kg-1; i.v.). However, after sildenafil
treatment, erectile responses in diabetic rats remained signifi-
cantly reduced when compared to those in non-diabetic rats
(Figure 9). In contrast, the combination of sildenafil with
either the KCa activator, NS-8 (0.3 mg·kg-1) or NS1619
(0.3 mg·kg-1) was able to completely reverse the impairment
of erectile responses in diabetic rats (Figure 9).

Discussion

The contribution of Ca2+-activated K+-channels (KCa) to cGMP-
mediated relaxation in HPRA, which are essential players in
penile erection, makes possible the potentiation of the
vasodilatory capacity of PDE5 inhibitors in these arteries by
stimulating KCa. BK and IK seem to be the responsible sub-
types for such enhancement, being its protein expression
demonstrated in human and rat penile arteries. Our data
show that KCa stimulation results in the potentiation of the
relaxant capacity of PDE5 inhibitors, hence the recovery of its
efficacy to vasodilate HPRA from diabetic patients. Similarly
KCa activation increases the capacity of PDE5 inhibition to
enhance erectile responses in rats and allows the recovery of
erectile function by PDE5 inhibition in diabetic rats.

Relaxation of HCC induced by exposure to KCa activators
has been demonstrated for NS1619 (Spektor et al., 2002) and
another novel activator, NS11021 (Kun et al., 2009). In agree-
ment with these findings, the KCa activators, NS-8 and
NS1619, caused relaxation of HCC. In addition, we provide
evidence of the ability of these compounds to vasodilate
human penile arteries, an effect mediated to a great extent by
the endothelium. However, the magnitude of the relaxations
produced by NS-8 and NS1619 is moderate in both HCC and
penile arteries, which does not show great promise of these
compounds for erectile function by themselves.

The ability of PDE5 inhibitors to relax isolated horse and
human penile arteries and, rabbit and HCC, has been previ-
ously observed (Taher et al., 1997; Kalsi et al., 2004;
Ruiz-Rubio et al., 2004; Angulo et al., 2010a). Relaxation of
contracted HPRA and HCC caused by PDE5 inhibition is
sensitive to blockade of NO synthesis or inhibition of soluble
guanylyl cyclase, confirming the involvement of the
NO/cGMP pathway in these responses. Although this is appli-
cable to both HPRA and HCC, these penile structures differ
with respect to the contribution of KCa to the relaxation
induced by inhibition of PDE5. Blockade of KCa significantly
inhibits sildenafil-induced relaxations in HPRA but not in
HCC, suggesting that KCa contribute to the relaxant activity of
PDE5 inhibition in HPRA but not in HCC. Substantial differ-

Figure 4
Effects of the removal of the vascular endothelium on relaxation induced by the PDE5 inhibitor, sildenafil (1 nM to 100 mM) (A) and by the stable
cGMP analogue, 8-bromo-cGMP (8-Br-cGMP; 10 nM to 1 mM) (B) in norepinephrine-contracted HPRA. Effects of blockade of Ca2+-activated
K+-channels (KCa) with ChTx (100 nM) plus APA (100 nM) (C), and activation of KCa with NS-8 (10 mM) (D) on sildenafil-induced relaxations as well
as the effects of NS-8 (10 mM) on 8-Br-cGMP-induced relaxations (E) in de-endothelialized (-E) HPRA. Data are expressed as mean � SEM of the
percentage of total relaxation induced by 0.1 mM papaverine. n indicates the number of patients from whom the tissues were collected for the
experiments. Data sets included 1 (C), 2 (B and E), 3 (D) or 7 (A) diabetic patients. *** indicates P < 0.001 versus HPRA with endothelium (+E).
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ences have been observed between HPRA and HCC with
respect to the regulation of contractile tone. Functional dif-
ferences between HPRA and HCC in response to vasoactive
drugs have been previously described (Hedlund and Ander-
sson, 1985; Angulo et al., 2002). In addition, endothelium-
dependent relaxation attributed to endothelium-derived
hyperpolarizing factor plays a significant role in human
penile arteries but not in corpus cavernosum (Angulo et al.,
2003). This endothelial process involving KCa, which is func-
tional in penile arteries but not in trabecular tissue, is a
functional divergence that could be related to the present
findings.

Using specific antagonists, the involvement of KCa in
nitrergic relaxation of horse penile arteries (Simonsen et al.,
1995) and in the relaxation induced by PDE5 inhibitors in
horse and rat penile arteries has been suggested (Prieto et al.,
2006; Sánchez et al., 2008). These reports are consistent with
the present findings of the contribution of KCa to PDE5
inhibitor-induced vasodilatation of HPRA. The lack of influ-
ence of KCa blockade on relaxations driven by PDE5 inhibi-
tion in HCC is, however, in contradiction to the previously
reported sensitivity of sildenafil-induced relaxation to IbTx in
HCC (Kun et al., 2009), and the suggested participation of
KCa in PDE5 inhibitor-induced relaxation in rabbit clitoris
(Gragasin et al., 2004) and mouse corpus cavernosum
(Werner et al., 2008). Our results nevertheless were strength-
ened by the absence of significant effects of NS-8 or NS1619
on sildenafil-induced relaxation of HCC. In contrast, KCa acti-

vation potentiated the relaxant responses to PDE5 inhibition
in HPRA, demonstrating tissue specificity. This potentiating
effect is not limited to a pharmacological interaction of two
specific molecules, since two different well-known activators
of KCa channels, NS1619 and NS-8 (Malysz et al., 2004) both
potentiate sildenafil-induced relaxation. Similarly, vasodila-
tory responses to two different PDE5 inhibitors, sildenafil and
tadalafil, are both enhanced by NS-8. This potentiating effect
does not seem to be related to increased NO/cGMP produc-
tion or further reduced hydrolysis since the activation of KCa

by NS-8 also potentiated relaxation to the stable analogue of
cGMP, 8-Br-cGMP, in HPRA.

Previous studies carried out in different tissues, including
erectile tissues, have described intracellular activation of KCa

by cGMP generated in smooth muscle, contributing to
NO/cGMP-mediated relaxation (Sausbier et al., 2000; Lee and
Kang, 2001; Gragasin et al., 2004; Tanaka et al., 2004). It has
been proposed that the cGMP-induced activation of BK chan-
nels is mediated by cGMP-dependent kinase (Schubert and
Nelson, 2001; Zhou et al., 2001). The interaction between
NO/cGMP and KCa reported here could perhaps involve a
different process. This hypothesis is based mainly on the
findings that the endothelial function is required for the
potentiation of sildenafil-induced relaxation in penile arteries
by KCa activation as well as for the inhibition of these
responses by KCa blockade. The lack of effects of NS-8 also on
8-Br-cGMP-induced responses in arterial segments without
endothelium makes it hard to believe that the disappearance
of the effect of NS-8 on sildenafil-induced responses in arte-
rial preparations without endothelium is merely due to the
lack of NO/cGMP production under these conditions. Thus, a
direct effect of activators on KCa on smooth muscle cells is
unlikely to be responsible for the enhancement of the effects
of PDE5 inhibition in HPRA. Participation of endothelial KCa

would be consistent with a previous study describing the
modulation of NO-mediated responses and neurogenic con-
tractions by endothelial KCa in rat penile arteries (Kun et al.,
2003).

With respect to the specific subtype of KCa channel
responsible for mediating NS-8-induced potentiation of the
vasodilatory capacity of PDE5 inhibition in HPRA, both BK
and IK channels seem to be involved. This is inferred from
the fact that the individual treatment with IbTx, a specific
blocker of BK, as well as with TRAM-34, a specific blocker of
IK, results in the abolition of the effects induced by NS-8. In
contrast, relaxant responses to sildenafil in HPRA are poten-
tiated despite the presence of the blocker of SK, APA. In ion
efflux in vitro assays, EC50 for BK has reported to be in 1–4 mM
range for NS1619 and NS-8 (Parihar et al., 2003b). Most data
reporting the specificity of these molecules have been gener-
ated in functional studies where a dependency on BK activa-
tion in the NS-8- or NS1619-induced effects is abolished by
BK-selective toxins (Holland et al., 1996; Malysz et al., 2004;
Soder and Petkov, 2011). Although NS-8 is a known activator
of BK (Parihar et al., 2003b; Malysz et al., 2004), NS1619 is
considered to be the only selective BK opener by some
authors (Ghatta et al., 2006) without any effect on KATP,
voltage-gated K+, Na+ or Ca2+ channels (Olesen et al., 1994).
According to previous results (Parihar et al., 2003b; Malysz
et al., 2004), there are no qualitative differences between the
effects induced by NS1619 and NS-8 in our experimental

Figure 5
Effects of blockade of Ca2+-activated K+-channels (KCa) with ChTx
(100 nM) plus APA (100 nM) (A), BK with IbTx (100 nM) (B), IK with
TRAM-34 (1 mM) (C) and SK with APA (100 nM) (D) on the poten-
tiating effects of NS-8 (10 mM) on relaxation induced by the PDE5
inhibitor, sildenafil (1 nM to 100 mM), in norepinephrine-contracted
HPRA. Data are expressed as mean � SEM of the percentage of
total relaxation induced by 0.1 mM papaverine. n indicates the
number of patients from whom the tissues were collected for the
experiments. Data sets included 1 (A) or 2 (B, C and D) diabetic
patients. *** indicates P < 0.001 versus control by a two-factor ANOVA

test.
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settings, suggesting that differences in selectivity between
these molecules do not exist or are not relevant for the
present findings. On the other hand, some authors suggest
that, in general, BK activators have only moderate selectivity
(Shieh et al., 2000, Nardi and Olesen, 2008), which leaves the
possibility of simultaneous IK activation. However, in func-
tional in vitro assays, the lack of effect of NS-8 on IK activity
has been demonstrated (Parihar et al., 2003a). Similarly, it has
been shown that NS1619 did not activate IK in bovine aortic
endothelial cells, and even inhibited this channel at high
concentrations in inside-out experiments (Cai et al., 1998). In
the present report, NS-8-induced effects are prevented by
either the BK or IK inhibitors separately. This is unlikely due
to the lack of selectivity of TRAM-34, as it is above 1000-fold
selective for IK over BK (Wulff et al., 2000). In fact, TRAM-34
Kd for BK is above 25 mM (Wulff et al., 2000), which would
anticipate an IC50 even higher, making a definite effect of
1 mM TRAM-34 on BK unlikely. Although the activation of IK
by NS-8 due to a lack of specificity of this activator cannot be
completely discarded, a possible explanation for this complex
mechanism that also requires the contribution of the
endothelium could rely on a sequential activation of IK after
the activation of BK by NS-8 in the same or different cell type
that would be consistent with the fact that the individual
blockade of BK or IK results in the complete loss of NS-8-
induced effects. Results obtained in vascular preparations
(Climent et al., 2012) would point to the involvement of

smooth muscle BK and endothelial IK in the effects induced
by KCa activation.

Immunostaining revealed an intense expression of BK
and IK in endothelium of HPRA that supports the possible
role of these channel subtypes in vasodilation of HPRA. IK
channels have been reported to be expressed in endothelial
cells from different human vessels (Kohler et al., 2000;
Brakemeier et al., 2003; Grgic et al., 2005). The data regarding
the presence of BK channels in the vascular endothelium are
controversial. It has been reported not to be expressed in
bovine coronary endothelial cells (Gauthier et al., 2002) and
only in human mesenteric artery endothelium in pathologi-
cal conditions (Kohler et al., 2000). On the other hand, BK
channel expression has been observed in bovine aortic
endothelial cells (Wang et al., 2005) and human dermal
microvascular endothelial cells (Grgic et al., 2005). Our
results are consistent with the expression of BK in vascular
endothelium. Interestingly, endothelium in lacunar spaces
and surrounding smooth muscle in trabecular tissue also
express BK, IK and SK channels. In fact, an intense expression
of IK channels is observed in our HCC specimens despite
using the same antibody as Chen et al., who did not find IK
channel expression in HCC (Chen et al., 2004). Thus, it seems
that the absence of the effects of KCa activators on NO/cGMP
pathway in HCC is due to a functional difference rather to the
absence of any of the channels involved. It is important to
note that all these antibodies are targeted to pore-forming
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Figure 6
Immunohistochemical localization of Ca2+-activated K+-channels (KCa) subtypes in human and rat erectile tissues. BK (A) and IK (B) are detected
in endothelium and smooth muscle of HPRA but expression of IK is more intense in endothelium. SK1 (C) and SK2 (D) were not detected while
SK3 (E) is expressed in HPRA, preferentially in endothelium. As in HPRA, BK were detected in endothelium and smooth muscle of rat penile arteries
(F) while IK (G) and SK3 (H) were only detected in the endothelium of these vessels. BK (I), IK (J) and SK3 (K) are present in smooth muscle fibres
and the endothelia of lacunar spaces in HCC while only BK were detected in endothelium and smooth muscle in rat corpus cavernosum (L).
Positive cells are stained in brown. Microphotographs are representative from at least three different patients or animals. Original magnification
¥200.
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subunits, and differential expression of regulatory subunits of
the channels could be possible.

KCa expression in rat corpus cavernosum is different from
that in HCC since only BK is detected. In contrast, the expres-
sion of BK, IK and SK3 was demonstrated in the endothelium
of rat penile arteries, similarly to that observed in HPRA,
which provides the structural basis for considering the rat an
acceptable model for the evaluation of the possible actions of
KCa channel activators on erectile responses. In fact, the KCa

activator-induced potentiation of vasodilation evoked by
PDE5 inhibition in HPRA was translated in vivo to an
enhancement of the pro-erectile capacity of sildenafil, as
demonstrated by the reduction of the dose of sildenafil
required to significantly enhance erectile responses in rats.
Importantly, this potentiating effect was achieved at a dose of
KCa activator that did not significantly impact arterial pres-
sure, a characteristic that represents an advantage over the
KATP activation. Although NS-8 did not significantly augment
erectile responses by itself at the dose used in the present
study, a positive modulation of erectile responses in rats by
BK stimulation with the novel activator, NS11021 has been
reported (Kun et al., 2009).

The increased vasodilatory and pro-erectile activities of
PDE5 obtained after pharmacological stimulation of KCa

would have special relevance in conditions where the efficacy
of PDE5 inhibitors to treat ED is compromised. One of these
conditions is diabetic ED. The efficacy of PDE5 inhibitors
for treating ED is lower in diabetic patients (Vickers and
Satyanarayana, 2002; El-Sakka, 2004). It has been recently

demonstrated that capacity of sildenafil to relax HPRA is
reduced in diabetic patients with ED (Angulo et al., 2010a). In
addition to confirm the impaired vasodilatory capacity of
sildenafil in HPRA from diabetic patients, the present results
show that the activation of KCa with NS-8 potentiates the
relaxant responses to PDE5 inhibition on HPRA from both
diabetic and non-diabetic men. Furthermore, this effect leads
to comparable sildenafil-induced vasodilations in diabetic
and non-diabetic HPRA after treatment with NS-8, recovering
the efficacy of PDE5 inhibition in HPRA from diabetic
patients. This improvement of efficacy demonstrated in vitro
is again corroborated in vivo. While, accordingly with previ-
ous observations (Bivalacqua et al., 2004; Angulo et al., 2005;
Zhang et al., 2006; Angulo et al., 2010b), the impairment of
erectile responses caused by diabetes is not reversed after
PDE5 inhibition, ED in diabetic rats is completely reversed
when PDE5 inhibition is combined with stimulation of KCa.

Figure 7
Effects of i.v. administration of the PDE5 inhibitor, sildenafil at
0.1 mg kg -1 (A) or 0.3 mg kg -1 dose (B), the KCa channel opener,
NS-8 (0.3 mg kg -1) (C), or the combination of sildenafil
(0.1 mg kg -1) plus NS-8 (0.3 mg kg -1) (D) on erectile responses
induced by cavernosal nerve electrical stimulation (1 to 10 Hz) in
anaesthetized rats. Data are expressed as mean � SEM of the AUC of
the ICP increase (Total DICP) normalized by mean arterial pressure
(MAP) value at each stimulation. n indicates the number of animals
used for the experiments. ***P < 0.001 versus control responses by a
two-factor ANOVA test.

Figure 8
Representative tracings showing vasodilations induced by sildenafil
(1 to 100 mM) in norepinephrine-contracted HPRA from one non-
diabetic (A) and one diabetic (B) patient. C and D panels show the
tracings of sildenafil-induced relaxations after treatment with NS-8
(10 mM) in parallel arterial segments from the same patients than in
A and B respectively. Panel E shows the effects of diabetes and the
treatment with the activator of Ca2+-activated K+-channels (KCa), NS-8
(10 mM) on vasodilation induced by the PDE5 inhibitor, sildenafil in
HPRA. Data are expressed as mean � SEM of the percentage of total
relaxation induced by 0.1 mM papaverine. n indicates the number of
patients from whom the tissues were collected for the experiments.
Two of non-diabetic patients did not present any cardiovascular risk
factor (CVRF), eight had one single CVRF and six had two or more
CVRF. Four diabetic patients had diabetes as the only CVRF while
three had one or more additional CVRF. Average age was 57.1 � 3.1
years and 51.9 � 2.6 years for non-diabetic and diabetic patients
respectively (P > 0.25). *** indicates P < 0.001 versus No diabetes,
†††P < 0.001 versus Diabetes (without NS-8) by a two-factor ANOVA

test.
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Elevated prevalence of ED has been reported in type 1 and
type 2 diabetic patients although ED was slightly more preva-
lent in type 1 (Fedele et al., 2000). In fact, reduced response
rates to therapy with PDE5 inhibitors have been observed in
populations of either type 1 (Boulton et al., 2001; Ziegler
et al., 2006) or type 2 (Stuckey et al., 2003) diabetic men.
Positive effects here obtained with KCa activators in tissues
from type 2 diabetic patients as well as in vivo in an animal
model of type 1 diabetes suggest that results could be gener-
alizable to both types of diabetes. Although the lack of accu-
rate information on the glycaemic control of diabetic patients
(ideally HbA1c levels) should be considered as a limitation of
the study, the fact that NS-8 is effective in diabetic and non-
diabetic tissues and animals suggest that the effects of KCa

activation on vasodilatory capacity of PDE5 inhibitors are not
dependent on glycaemic status.

In conclusion, activation of KCa produces an
endothelium-mediated potentiation of the NO/cGMP-
mediated relaxation in HPRA that results in improved
vasodilatory capacity of PDE5 inhibitors in these human
vessels. This potentiating effect that involves BK and IK sub-

types results in increased efficacy of PDE5 inhibition to
enhance erectile responses in vivo. Furthermore, KCa stimula-
tion recovers the impaired vasodilatory efficacy in diabetic
HPRA and makes it possible to restore PDE5 inhibition for ED
in diabetic rats. These results together with the low impact of
KCa stimulators on arterial pressure provide a rationale for
considering the therapeutic potential of KCa activators to
improve the efficacy of PDE5 inhibitors in the management
of diabetic ED.
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